INTRODUCTION
Hydrogenated microcrystalline silicon ͑c-Si:H͒ has recently been very successfully incorporated as a photovoltaically active i-layer in solar cells. 1, 2 This success raises the question of measuring both electronic and optical properties of this promising new material. The optical properties have already partially been studied, 1, 3 but to the best of our knowledge the electronic transport properties under illumination have so far not been systematically investigated. 4, 5 The aim of this paper is to study the electronic transport properties in ''midgap'' ͑Fermi level near midgap͒ microcrystalline silicon in coplanar configuration. For this purpose we used the following two methods, steady-state photocarrier grating ͑SSPG͒ 6, 7 and steady-state photoconductivity ͑SSPC͒, which are well established for amorphous silicon ͑a-Si:H͒.
In the SSPG technique, one measures the small-signal photocurrent perpendicular to optical fringes created by the interference of two laser beams. These fringes generate a spatially nonuniform carrier density in the sample; thus, the conductivity of the latter depends on the ratio between the grating spacing ͑⌳͒ and the ambipolar diffusion length ͑L amb ͒: when the grating spacing is much longer than the carrier diffusion length, a well-defined concentration grating of photocarriers is created in the sample; on the other hand, when the grating spacing is comparable to or shorter than the diffusion length, this concentration grating is ''blurred'' and an almost uniform carrier concentration is formed. The coplanar photocurrent is measured, both when the two light beams are coherent ͑J par ͒ and when they are non coherent ͑J perp ͒: one measures the changes in the photoconductivity between the two configurations, for different grating spacing.
The variation of ␤ϭJ par /J perp with ⌳ allows one to relate analytically the experimental data to the ambipolar diffusion length. 7 SSPC gives directly the photoconductivity, which can be expressed as:
͑e the elementary charge, n, p 0 the mobilities of free electrons, free holes respectively and n f ,p f the free carriers densities͒ with the sole assumption of using the model of transport by free carriers above the mobility edge. On the other hand, SSPG poses more problems while trying to extract the diffusion length from ␤, as all the following conditions have to be fulfilled: ͑1͒ the existence of two distinct characteristic lengths, identifiable as the ambipolar diffusion length ͑L amb ͒ and the dielectric relaxation length ͑L diel ͒, ͑2͒ diffusion prevails over drift, and ͑3͒ the dielectric relaxation length is short enough to ensure the quasineutrality in the transport region. These conditions are conditions on the material itself; an additional experimental condition ͑4͒ is necessary: the grating spacing has to be of the same order as the diffusion length. Assuming the Einstein equations, postulating a given density of localized gap states ͑no explicit form is needed͒ and observing that it generally exists a power-law dependency for photoconductivity as a function of the generation ͑ photo ϰG ␥ ͒ the following equation is deduced:
where ϭ␥ 2 ␥ 0 , with ␥ 0 an optical grating quality factor. Thus, a plot of 1/⌳ sufficient to positively confirm that the measured length is the ambipolar diffusion length. As a check, one has actually to ensure that this length does not vary strongly with increasing illumination intensity, like the dielectric relaxation length would do 9 ͑L diel 2 ϰ}/ photo , with } the dielectric constant of the material͒.
Thus far, the only model required is a power law for the photoconductivity. If, for c-Si:H we observe this power law, the SSPG technique ͑with its small signal approach͒ can be considered an appropriate method for the evaluation of the ambipolar diffusion length, assuming a measured variation of ␤ as given by Eq. ͑2͒ and the above conditions are fulfilled.
In addition, we can evaluate for c-Si:H, also, the parameter b, 10 a parameter that reflects the position of the two quasi-Fermi-levels with respect to midgap. 11 Introducing the general recombination times n R for electrons and p R for holes, which basically take into account all recombination processes via all available recombinations centers, we have
and
with C a constant between 1 and 2, 12 k the Boltzmann constant, and T the temperature. In the case of an observed power law for the square of the ambipolar length L 2 ϰG , C becomes Cϭ1ϩϩ␥.
b can be expressed as a function of the photoconductivity and the diffusion length with Eq. ͑3͒ and ͑4͒:
We have to emphasize here that no particular model of recombination has been introduced to evaluate Eqs. ͑3͒-͑5͒, so we can evaluate L amb , photo , and b for c-Si:H without any further restrictions, except those mentioned at the beginning.
EXPERIMENT
The films studied in this paper were deposited by the VHF-GD deposition technique ͑70-130 MHz͒ 13 under various conditions. In order to study nearly intrinsic microcrystalline layers ͑with the Fermi level near midgap, since deposited microcrystalline silicon is usually an n-type material͒, some samples were prepared by adding small traces of diborane 14 while the others were prepared with our new deposition method using a gas purifier. 15 One series was also deposited using various dilutions of silane in hydrogen, to study the transition between c-Si:H and a-Si:H. All films were deposited on AF45 ͑Schott͒ glass substrates at deposition set point temperature of 250°C ͑calculated effective temperature: 220°C͒ and with thicknesses between 1.5 and 3.1 m. The measurements were done with coplanar aluminum contacts ͑gap of 0.5 mm͒ using a krypton laser ͑wave-length 647 nm͒. All samples were annealed at 180°C, and their light-induced degradation behavior at 647 nm for an intensity of 200 mW/cm 2 ͑generation rate of around 2ϫ10
͒ was checked for at least 30 min. No observable degradation in the photoconductivity has been observed in the microcrystalline samples, except for the samples with the two higher dilution ratios ͑7.6% and 10% of SiH 4 in H 2 ͒, which have amorphous behavior with respect to optical absorption and degraded. For this reason the measurements for these two samples were performed with generation rate less than 10 20 cm Ϫ3 s
Ϫ1
.
GENERAL OBSERVATIONS
The first observation we make about our microcrystalline samples is their power law dependency of photoconductivity as a function of generation rate ͑Fig. 1͒.
The second observation is their large, room-temperature dark conductivity ͑ dark ͒ compared to a-Si:H. That renders the evaluation of SSPG more difficult by reducing the variation of ␤ with the change of the grating spacing ͑Fig. 2͒: the measurement becomes less sensitive and more difficult to perform, but it still delivers correct results. 7 Eq. ͑2͒ becomes: 
with the reducing factor
This low sensitivity implies that for some samples, a rather high generation rate has to be used, in order to limit the error in the measurements. Unfortunately, the measurements of ␤͑⌳͒ for c-Si:H samples show some deviation from the predicted behavior, i.e., from a straight line in the Balberg plot, and this for small grating spacings ͑shorter than 2 m͒ and for low illumination intensities ͑no typical value can be given, as they differ from sample to sample͒. So, some further observations and discussions are needed to correctly evaluate the diffusion length.
Some possibilities that could basically be cited as reasons for this deviation can easily be ruled out by simple measurements. The hypothesis that the drift is overriding diffusion transport can be excluded because ␤ does not change with a variation of the applied voltage used for the measurement. 12 No heating of the sample from the illumination with the laser light can be invoked, since cooling the sample with air does not change the measurements. Finally, optical scattering can also be ruled out: it has already been observed in a-Si:H, 3 and measurement of the scattered reflection vs the specular reflection indicates the existence of optical scattering in our samples ͑for a wavelength of 647 nm͒. However, the speculation that the small grating spacings are ''blurred'' due to optical scattering has not been verified ͑no optical cancellation of the fringes is observed after their passage trough the sample͒.
If surface recombination is present, a nonuniform generation can also lead to a somewhat different behavior for the small gratings. The variation of ␤ in this case becomes:
with g s 2 ͑⌳͒ the correction factor due to the surface recombination velocity. Because g s depends on ⌳, and is equal or bigger than unity, the Balberg plot is no longer a straight line, but varies less at large ⌳ than at small ⌳. This agrees with our observations ͑Fig. 3͒; but, as the optical absorption of our samples is typically around 1ϫ10 4 cm
Ϫ1
, a uniform generation can be assumed for our thicknesses and this hypothesis can again be ruled out. In addition, the ambipolar diffusion length can be deduced even if surface recombination is prevalent by carrying out the SSPG measurement for gratings where straight lines are available.
Another possibility is that the condition of an ambipolar length bigger than the dielectric length is not fulfilled. It has been demonstrated that the presence of non-negligible space charge in the layer under test leads to a concave curve for the ''Balberg plot.'' 17 Increasing the illumination intensity decreases L diel , and the sample moves towards a regime governed by ambipolar diffusion. We observe that, with increasing intensity, the curve in the Balberg plot tends to become a straight line ͑see again photo are comparable or higher for c-Si:H than for a-Si:H, for a generation rate around 1.5ϫ10 21 cm Ϫ3 s
. The power law exponents observed for the photoconductivity, the square of the ambipolar diffusion length, and b as a function of the generation rate for midgap c-Si:H are similar to those for undoped, amorphous silicon ͑see Table  I͒ . The power law exponent of b is always negative in our c-Si:H samples. In amorphous silicon it is generally positive, but some negative values have also been measured ͑note that only one sample has a ␥ with a value of 0.5; the others have values higher than 0.6͒.
The parameter b correlates well with the measured dark conductivity activation energy ͑Fig. 6͒. We have thereby evaluated the activation energy by fitting the activated dark conductivity according to the well-known equation:
near the room temperature, with 0 and E act as fitting parameter.
The observations made for our c-Si:H are quite surprising: even if in our samples the amorphous volume fraction is generally very small, 19 the materials studied here show similar behavior as undoped amorphous silicon, but the values obtain for photo and L amb are enhanced.
To check the importance of the amorphous volume fraction, a series with various hydrogen dilutions has also been deposited, at 110 MHz plasma excitation frequency, thereby studying the transition from microcrystalline to amorphous material. The dilutions were of 1.25%, 2.5%, 5%, and 7.6% of silane in hydrogen. The optical absorption spectrum shows the 7.6% sample to be amorphous and the 1.25% sample to be microcrystalline. Between these values the layers can be considered a mixture of amorphous and microcrystalline phase. It is clear from Figs. 7͑a͒ and 7͑b͒ that in this series, increasing crystalline volume fraction gives higher values for photo and L amb . For both L amb and photo , the values for microcrystalline samples are similar or enhanced ͑up to a factor 4 for the photoconductivity and up to factor 2 in ambipolar diffusion length͒ when compared to the amorphous sample of the series.
CONCLUSIONS
Microcrystalline silicon is a promising new material for thin-film solar cells and other thin-film electronic devices, so its electronic properties are indeed of great interest. We show that, even if less easy to measure, both the photoconductivity and the ambipolar diffusion length in coplanar geometry can be determined. the values found in our c-Si:H samples are of the same order or higher than in a-Si:H. In particular, for a dilution series of silane into hydrogen, we show that the microcrystalline sample prepared with the highest dilution has enhanced photoconductivity ͑up to a factor 4͒ and ambipolar diffusion length ͑factor 2͒ compared to the amorphous sample of the same series at high generation rates. Moreover, an increase in the values of both parameters is clearly correlated with the increase of dilution. It is clear that, due to the structural anisotropy of these c-Si:H layers ͑growth is generally columnar 2 ͒, measurements in ''sandwich'' configuration should be performed. As a first step, time-of-flight measurements have been carried out, 20 but to perform steadystate measurements some other difficulties, such as ohmic contacts in the sandwich configuration ͑for SSPG or SSPC͒ or the influence of the Schottky barrier in the surface photovoltage method ͑SPV͒, 21, 22 have to be resolved first. Meanwhile, reliable coplanar measurements still remain of great interest. FIG. 7 . Effect of increasing the dilution from 7.6% to 1.25% of silane in total gas flow on the: ͑a͒ ambipolar diffusion length as a function of the generation rate and ͑b͒ photoconductivity as a function of the generation rate. Open circles are the values for the diluted amorphous sample measured only for low generation rates in order to avoid degradation. The dashed lines represent the power laws for this sample.
